A novel dissimilatory Fe(III)-reducing bacterium, designated strain GSS09 T , was isolated from a compost sample by using a solid medium containing acetate and ferrihydrite as electron donor and electron acceptor, respectively. Cells of strain GSS09
pH 6.5-9.0 (optimum pH 7.5) and in the presence of 0-3 % (w/v) NaCl (optimum 1 %). Both sulfur compounds such as sulfate, sulfite and thiosulfate and Fe(III) oxides such as ferrihydrite could be utilized as electron acceptors. Phylogenetic analysis based on 16S rRNA gene sequences revealed that strain GSS09
T was related closely to Desulfotomaculum hydrothermale Lam5 T (94.5 % sequence similarity). The major fatty acids were C 16 : 0 and C 16 : 1 !7c/C 16 : 1 !6c.
The G+C content of the genomic DNA was 49.1 mol%. On the basis of phylogenetic analysis, phenotypic characterization and physiological tests, strain GSS09 T is considered to represent a novel species of the genus Desulfotomaculum, for which the name Desulfotomaculum ferrireducens sp. nov. is proposed. The type strain is GSS09 T (=KCTC 15523  T =MCCC   1K01254   T ).
The genus Desulfotomaculum of the order Clostridiales in the phylum Firmicutes (Gibbons & Murray, 1978) was first described by Campbell & Postgate (1965) , with Desulfotomaculum nigrificans as the type species (Werkman & Weaver, 1927; Campbell & Postgate, 1965) . At the time of writing, 29 species with validly published names in the genus Desulfotomaculum have been isolated from various environments (http://www.bacterio.net/desulfotomaculum. html), after Desulfotomaculum guttoideum was moved to the genus Clostridium (Stackebrandt et al., 1997) , and
Desulfotomaculum orientis and Desulfotomaculum auripigmentum were moved to the genus Desulfosporosinus (Stackebrandt et al., 1997 (Stackebrandt et al., , 2003 . According to phylogenetic data, species of the genus Desulfotomaculum exhibit unusual differences in their 16S rRNA gene sequences resulting in the formation of six well-separated subclusters, Ia-If (Stackebrandt et al., 1997; Ogg & Patel, 2011) . Phenotypically, members of the genus Desulfosporosinus are obligately anaerobic, endospore-forming, motile and rodshaped (Campbell & Postgate, 1965) . The genus Desulfotomaculum comprises thermophilic and mesophilic bacteria, and Gram-stain reactions for these bacteria are variable: Gram-staining for all members of the valid mesophilic group such as Desulfotomaculum halophilum and Desulfotomaculum defluvii is negative (Jacquenod et al., 1998; Krishnamurthi et al., 2013) while for most members of the thermophilic group such as Desulfotomaculum thermocisternum and Desulfotomaculum peckii it is positive (Nilsen et al., 1996; Jabari et al., 2013) .
Sulfate-reducing bacteria (SRB) have a large role in the biogeochemical sulfur cycle, and most described thermophilic SRB belong to the genus Desulfotomaculum (Goorissen et al., 2003; Kaksonen et al., 2006) . Dissimilatory microbial Fe(III) reduction is an important terminal electron accepting process coupled to the oxidation of organic matter in anaerobic environments (Lovley et al., 2004) , and ironreducing bacteria (IRB) have been found to be involved in the bioremediation of organic pollutants and heavy metals (Wielinga et al., 2001; Wilkins et al., 2006) . To date, strain MI-1 belonging to the invalidly named species 'Desulfotomaculum reducens' is the only SRB of the genus Desulfotomaculum that is able to grow with Fe(III) as sole electron acceptor under moderate temperature (Tebo & Obraztsova, 1998) .
In this study, a moderately thermophilic bacterium, designated strain GSS09 T , capable of growing by gaining energy from dissimilatory Fe(III) oxide reduction, was isolated and characterized. Based on its phylogenetic position and phenotypic, physiological and chemotaxonomic characteristics, strain GSS09
T is proposed to represent a novel species of the genus Desulfotomaculum. This organism is the first thermophilic bacterium in the genus Desulfotomaculum that shares properties with both sulfate-reducing and dissimilatory Fe(III)-reducing bacteria.
The sample for isolation of strain GSS09
T was obtained from a composting demonstration plant in Dongguan City, Guangdong Province, China (23.04 N 113 .75 E), as described by Yang et al. (2015) . For enrichment, 10 g of soil was added to a sterile bottle containing 50 ml sterilized mineral salts medium [MSM, containing (per litre) 0.6 g NaH 2 PO 4 , 0.25 g NH 4 Cl, 0.1 g KCl, 2.5 g NaHCO 3 , 10.0 ml vitamin stock solution and 10.0 ml mineral stock solution (Li et al., 2009), pH 7 .2] supplemented with 25 mM ferrihydrite and 10 mM acetate as electron acceptor and donor, respectively. The bottle was purged with N 2 /CO 2 (80 : 20, v/ v) for 30 min, sealed with a butyl-rubber stopper and an aluminium cap and incubated at 50 C. After the colour of the soil suspension changed to dark grey, the enriched culture of 5 ml was transferred into 50 ml of fresh MSM supplemented with 25 mM ferrihydrite and 10 mM acetate and incubated at 50 C as described above. This procedure was repeated three times. To obtain a pure culture, the enriched population was serially diluted and spread onto MSM agar containing 20 g agar l -1 , 25 mM ferrihydrite and 10 mM acetate at 50 C in an anaerobic chamber (ShelLab; Sheldon Manufacturing). After 15 days of incubation on the agar plate, single colonies were picked and streaked on the same agar for repeated purification. One strain, designated GSS09 T , was finally selected and used for further studies.
In the present study, the characteristics of strain GSS09 T were investigated by using a detailed polyphasic taxonomic investigation. Based on phylogenetic analysis of the 16S rRNA gene sequence, Desulfotomaculum hydrothermale DSM 18033
T , Desulfotomaculum aeronauticum DSM 10349 T , D. defluvii DSM 23699 T and Desulfotomaculum ruminis DSM 2154 T were selected as reference strains. These reference strains were obtained from the German Collection of Microorganisms and Cell Cultures (DSMZ, Braunschweig, Germany) and were cultured under the conditions recommended by the DSMZ.
To analyse the phylogenetic position of strain GSS09 T , genomic DNA was extracted using a DNA extraction kit (Aidlab). The 16S rRNA gene was amplified by PCR using the universal primers 27F and 1492R (Lane et al., 1985) . The PCR product was gel-purified using a D2500-01 Gel Extraction Kit (Omega Bio-tek), cloned into plasmid vector using a TA cloning kit (TaKaRa) and then checked by sequencing both strands. Pairwise sequence similarities were calculated using the EzTaxon-e server (http://eztaxone.ezbiocloud.net/; Kim et al., 2012) . Phylogenetic analyses were carried out using MEGA version 6.0 (Tamura et al., 2013) . Distances were calculated using distance options according to the maximum composite likelihood model and clustering was performed with the neighbour-joining and maximum-likelihood methods. Statistical support for the branches of the phylogenetic trees was determined using bootstrap analysis (based on 1000 re-samplings) (Felsenstein, 1985) .
The 16S rRNA gene sequence of strain GSS09
T comprised 1537 nt and was most closely related to D. hydrothermale Lam5 T (94.5 % similarity) and 'D. reducens' MI-1 (93.9 %). The phylogenetic trees reconstructed using the neighbourjoining and maximum-likelihood methods grouped strain GSS09
T as a member of the genus Desulfotomaculum and clearly placed the new isolate in a distinct phylogenetic lineage with 'D. reducens', D. aeronauticum, D. defluvii and D. ruminis of Desulfotomaculum subcluster Ia defined previously (Stackebrandt et al., 1997) (Figs 1 and S1 , available in the online Supplementary Material).
For cell morphology observation with a transmission electron microscope (JEM 1400; JEOL), cells were grown in MSM supplemented with 10 mM sulfite as electron acceptor and 20 mM pyruvate as electron donor for 2 days. In preparation for electron microscopy, cells were suspended in 0.85 % (w/v) NaCl, dried on a nickel-coated mesh and negatively stained with phosphotungstic acid. Endospores were observed by transmission electron microscopy after cells were grown for 5 days according to Vaz-Moreira et al. (2012) . Colonies were observed on MSM agar with sulfite as electron acceptor and pyruvate as electron donor after incubation at 50 C for 7 days. The Gram reaction was performed using a Gram staining kit (HB8278; Qingdao Hope Bio-Technology), and the cell-wall structure was confirmed by the KOH lysis test using 3 % (w/v) KOH. To investigate the temperature range for growth, the isolate was grown at 20, 25, 30, 37, 40, 42, 45, 50, 55 and 60 C. Growth was tested at pH 5.0-10.0 at intervals of 0.5 pH units, and NaCl tolerance was examined at a range of 0-6 % (w/v) NaCl concentrations with increments of 0.5 %. Utilization of electron donors (20 mM) including xylose, glucose, malate, formate, acetate, lactate, ethanol, sucrose, pyruvate, fructose, glycerol, lactose, succinate and fumarate was examined at 50 C in the presence of 10 mM sulfite. Fermentative growth using the above substrates was also investigated in the absence of an electron acceptor. Utilization of electron acceptors (10 mM) including sulfite, ferrihydrite, sulfate, nitrate, nitrite, thiosulfate and elemental sulfur was determined in the presence of 20 mM pyruvate. Each substrate was studied in three parallel replicates.
Strain GSS09
T was anaerobic. Cells were rod-shaped, 3.5-4.6 µm in length and 0.8-1.1 µm in diameter, and endospore-forming (Fig. S2 ). Small and grey-pigmented colonies were observed. The cells stained Gram-positive, and the KOH lysis test suggested that the cell wall of the isolate has a Gram-positive structure. Growth occurred at 30-55 C and pH 6.5-9.0, and the optimum temperature and pH for growth were 50 C and pH 7.5. The novel strain utilized xylose, glucose, formate, acetate, lactate, ethanol, sucrose, pyruvate, fructose, glycerol and lactose as electron donors with sulfite as electron acceptor. Fermentative growth was observed using fructose or pyruvate. The main product resulting from fructose and pyruvate fermentation was acetate. With pyruvate as electron donor, strain GSS09
T was able to reduce sulfite, sulfate and thiosulfate to hydrogen sulfide, reduce nitrate and nitrite to ammonium, and reduce ferrihydrite to magnetite; elemental sulfur could not be reduced. The detailed phenotypic features of strain GSS09 T and differences in several phenotypic properties with respect to its closest phylogenetic relatives are included in the species description and Table 1. The reduction of 50 mM ferrihydrite by strain GSS09 T was monitored with 20 mM pyruvate as electron donor in the presence and absence of the soluble electron carrier anthraquinone-2, 6-disulphonate (AQDS; 0.2 mM). Total Fe(II) was extracted with 0.5 mM HCl for 1.5 h and colorimetrically quantified using 1,10-phenanthroline as described by Wu et al. (2010) . As shown in Fig. S3 
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Geosporobacter subterraneus VNs68 T (DQ643978) for 10 days, and slightly more Fe(II) during incubation from 10 to 20 days. The addition of AQDS significantly stimulated the reduction of ferrihydrite, permiting the greater amounts of total Fe(II) in the culture. This result was similar to the report for another Gram-positive thermophilic IRB, Carboxydothermus ferrireducens DSM 11255 (Gavrilov et al., 2012) .
For cellular fatty acid analysis, cells of strain GSS09
T and the reference strains were grown in MSM containing 10 mM sulfite and 20 mM pyruvate (pyruvate was replaced by lactate for D. defluvii DSM 23699 T and D. ruminis DSM 2154 T ) at 40 C. Cells were collected and fatty acids in whole cells were saponified, methylated and extracted according to the standard protocol of MIDI (Sherlock Microbial Identification System, version 6.0B). The fatty acids were analysed by GC (Agilent Technologies 6850) and identified using the TSBA6.0 database of the Microbial Identification System (Sasser, 1990) . The G+C content of the genomic DNA was determined by HPLC according to the method described by Mesbah et al. (1989) .
As shown in Table 2, strain GSS09 T contained C 16 : 0 (32.9 %) as the predominant fatty acid; this fatty acid was present at much lower amounts in D. hydrothermale DSM 18033 T (19.5 %) and D. ruminis DSM 2154 T (14.5 %). The fatty acid profile of strain GSS09
T also displayed other significant differences from its phylogenetic relatives, comprising much less iso-C 15 : 0 (6.8 %) than that in D. hydrothermale DSM 18033 T (18.7 %), D. aeronauticum DSM 10349 T (13.4 %) and, in particular, D. ruminis DSM 2154 T (40.8 %), and less C 16 : 1 !7c/C 16 : 1 !6c (13.8 %) than that in D. defluvii DSM (Tebo & Obraztsova, 1998; Junier et al., 2010a,b) . Data were from this study unless indicated otherwise. Electron acceptors were determined using pyruvate as electron donor for strains GSS09 T , D. hydrothermale DSM 18033 T and D. aeronauticum DSM 10349 T , and using lactate as electron donor for D. defluvii DSM 23699 T and D. ruminis DSM 2154 T ; electron donors were determined using sulfite as electron acceptor for all strains. All strains were endospore-forming, and were able to utilize sulfite and thiosulfate as electron acceptors. In the case of electron donors, all strains utilized ethanol. +, Positive; À, negative; ND, not determined. Hagenauer et al. (1997) ; c, Krishnamurthi et al. (2013); d, Campbell et al. (1965) . 23699 T (26.7 %). The genomic DNA G+C content of the new isolate was 49.1 mol%.
In summary, the phenotypic and phylogenetic analyses suggested that strain GSS09
T was a member of the genus Desulfotomaculum. However, the new isolate showed low 16S rRNA gene sequence similarities with the type strains of other known species of this genus. In addition, the new isolate can be distinguished from its closest relatives based on several characteristics such as Gram-staining reaction, temperature range and optimum temperature for growth, electron donors/acceptors and fatty acid profiles. Based on these differences, strain GSS09
T is considered to represent a novel species of the genus Desulfotomaculum, for which the name Desulfotomaculum ferrireducens sp. nov. is proposed. Cells are Gram-stain-positive, strictly anaerobic, flagellumforming and rod-shaped, 0.8-1.1Â3.5-4.6 µm in size. Cylindrical or ellipsoidal endospores are formed at subterminal or terminal position, in a non-swollen sporangium. Growth occurs at 30-55 C (optimum 50 C), at pH 6.5-9.0 (optimum pH 7.5) and in the presence of 0-3 % (w/v) NaCl (optimum 1 %). With sulfite as an electron acceptor, xylose, glucose, formate, acetate, lactate, ethanol, sucrose, T ), was isolated from a compost sample in Dongguan city, Guangdong Province, China. The G+C content of the genomic DNA of the type strain is 49.1 mol%.
Description of
